Cancer cells possess a near-universal metabolic phenotype known as the 'Warburg effect\', which is characterised by enhanced glycolytic flux for ATP production, glucose to lactate conversion and reduced mitochondrial oxidative phosphorylation, even under aerobic conditions ([@bib8]). Although the underlying mechanisms for the prevalence of aerobic glycolysis in cancers remain complex, it is considered that tumour development within a hypoxic microenvironment, combined with mitochondrial defects in the electron transport chain, contribute to this metabolic phenotype ([@bib10]). Aerobic glycolysis may confer a survival benefit to cancer cells by: (1) facilitating tumour expansion and metastasis through the degradation of the extracellular matrix by secreted lactate, a by-product of glycolysis ([@bib10]), (2) supplying ATP to the tumour cells in low oxygen tissue environments with poor vascularisation ([@bib6]), and (3) apoptotic resistance through repressed mitochondrial oxidative phosphorylation activity ([@bib21]).

One of the key regulators of glycolysis and oxidative phosphorylation is the pyruvate dehydrogenase kinase (PDK). Under hypoxic conditions, hypoxia-inducible factor-1*α* stabilizes and translocates into the nucleus to activate repressors of oxidative phosphorylation such as PDK. A combination of four PDK isoforms independently phosphorylates pyruvate dehydrogenase (PDH), inhibiting the conversion of pyruvate to acetyl-CoA. This action shifts the burden of ATP production away from oxidative phosphorylation to glycolysis and alternative bioenergetic pathways ([@bib21]).

Aerobic glycolysis has received substantial attention as a novel therapeutic target for cancer cells. Of the several glycolytic inhibitors currently being evaluated, emerging evidence suggests anti-tumour activity of dichloroacetate (DCA) against lung ([@bib4]), breast ([@bib32]), prostate ([@bib7]), endometrial ([@bib34]) and colorectal ([@bib17]) cancer cells. Dichloroacetate is an orally bioavailable, inexpensive small molecule and currently being evaluated in phase I/II clinical trials for glioblastoma, gliomas and other solid tumours ([@bib37]). Dichloroacetate also appears to act synergistically with 5-fluourouracil in colorectal cancer cells ([@bib33]), cisplatin in cervical cancer cells ([@bib36]) and decitabine in breast and prostate cancer cells ([@bib3]; [@bib31]; [@bib2]; [@bib14]). Conversely, other studies report that DCA was antagonistic towards the cytotoxicity of cisplatin and doxorubicin in some paediatric tumour cells ([@bib13]).

Dichloroacetate is a pyruvate mimetic that targets PDK, inhibiting the phosphorylation of PDH. The phosphorylation of PDH is a rate-limiting factor for the oxidative metabolism of pyruvate entering the mitochondria ([@bib16]). As a result, DCA restores the activity of PDH and the supply of acetyl-CoA to the Krebs cycle and nicotinamide adenine dinucleotide (NADH) electron donation to the electron transport chain ([@bib21]). An increase in electron transport chain activity is believed to cause the generation of mitochondrial reactive oxygen species (ROS), which is associated with mitochondrial transition pore opening, a loss of mitochondrial membrane potential (Δ*ψ*~m~) and ultimately apoptotic cell death ([@bib4]).

Multiple myeloma (MM) is a haematological malignancy characterised by clonal proliferation of malignant plasma cells in bone marrow with a median survival of 3--5 years, one of the lowest of all cancers. The hemotherapeutic drug bortezomib induces profound apoptosis in myeloma cells, however, patients eventually die because malignant plasma cells become resistant to apoptosis. Resistance to apoptosis is linked to aerobic glycolysis and predicts a poor clinical outcome in cancer patients ([@bib38]). In this study, we analysed whether myeloma cells demonstrate a metabolic phenotype characterised by glucose to lactate conversion and reduced oxidative capacity. We also examined the capacity of DCA to alter metabolic phenotype in MM cells and induce myeloma growth reduction.

Materials and methods
=====================

Cell cultures
-------------

RPMI8226 and U266 human myeloma cell lines were purchased from the American Type Culture Collection (Sydney, New South Wales, Australia). JJN-3, NCI-H929 and LP-1 human myeloma cell lines were obtained by a kind gift from Dr Andrew Hutchinson (University of Technology Sydney, New South Wale, Australia). RPMI8226-TGL human myeloma cell line was produced by the transduction of RPMI8226 cells with the NES-TGL construct, which expresses GFP and firefly Luc ([@bib24]). Multiple myeloma cell lines were maintained at 37 °C in a 5% CO~2~-humidified atmosphere in DMEM media supplemented with 4.5 g l^−1^ 𝒟-glucose, 10% forward scatter (FCS), 100 U ml^−1^ penicillin, 100 mg ml^−1^ streptomycin, 2 mℳℒ-glutamine, 1 mℳ sodium pyruvate and 10 mℳ HEPES.

Blood was obtained from healthy donors, with appropriate informed consent according to the Mater Adult Hospital Ethics Committee Guidelines. Peripheral blood mononuclear cells (PBMC) were isolated using Ficoll-Paque PLUS (GE Healthcare, Rydalmere, New South Wales, Australia) density gradient. Phorbol myristate acetate (PMA; Sigma-Aldrich, Sydney, New South Wales, Australia) was added to PBMC at the start of incubations with DCA at a dose of 10 ng ml^−1^. For all incubations with DCA (Sigma-Aldrich) or bortezomib (Janssen-Cilag Pty LTP, North Ryde, NSW, Australia), the MM cell lines and PBMC were incubated in RPMI media supplemented with 10% FCS, 100 U ml^−1^ penicillin, 100 mg ml^−1^ streptomycin, 2 mℳℒ-glutamine and 10 mℳ HEPES.

Measurements of Warburg effect
------------------------------

Myeloma cells (5 × 10^4^ cells per ml) and PBMC (5 × 10^5^ cells per ml) were seeded in 24-well plates with or without DCA for a 60-h incubation. At the end of incubation, cell culture media was collected and analysed for lactate and glucose concentration (VITROS5600 Integrated System Mater Pathology, Brisbane, Queensland, Australia). The respiratory capacity and aerobic/anaerobic flux analyses of myeloma cells (RPMI8226-TGL, JJN-3 and U266), tumour cell lines (Hela, HepG2) and non-tumour cell lines (3T3-L1 fibroblasts, 3T3-adipocytes, primary cardiac myocytes and C2C12 myotubes) were performed via the Seahorse XF24 Extracellular Flux Analyser (Seahorse Bioscience, Billerica, MA, USA) as described previously ([@bib8]; [@bib19]). Myeloma cells were adhered to the bottom of the 24-well plate using Cell-Tak cell and tissue adhesive (BD Biosciences, Sydney, New South Wales, Australia). To control for the effect of cell viability on the respiratory capacity and aerobic/anaerobic flux analyses, plates were gently washed once with assay buffer immediately after each assay to remove dead cells, before the cell plate was frozen at −80 °C. Plates were later thawed and cell counts performed using the CyQuant assay (Life Technologies, Mulgrave, Victoria, Australia), according to manufacturer\'s instructions.

Western blot analysis
---------------------

Myeloma cells were seeded in triplicate wells and cultured without or with DCA for 24 h. At the end of the culture, the cells were washed once with PBS before being spun down and resuspended in 100 *μ*l of 2% SDS lysis buffer (50 mℳ Tris-HCl pH 6.8, 20% SDS, 10 mℳ NaF, activated 1 mℳ Na~3~VO~4~). The cell lysate was placed in a water-bath sonicator on high for 5 min before being passed repeatedly through at 26 gauge syringe on ice. The protein concentration was measured using the NanoDrop spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA) at an absorbance of 280 nm, using lysis buffer as a blank control. Twenty-five microgram of total protein from each sample were resolved by electrophoresis on NuPAGE Novex 12% Bis-Tris gels using MOPS-SDS running buffer (Life Technologies, Sydney, New South Wales, Australia). The proteins were transferred to Immobilon-P polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA) for 15 min using the Pierce Fast semi-dry blotter according to the manufacturer\'s instructions (Pierce, Rockford, IL, USA). Following transfer, the PVDF membrane was washed with deionised water and incubated with Odyssey-blocking buffer (LI-CORE Biosciences, Lincoln, NE, USA) for 1 h at room temperature. The membrane was probed with primary antibody in Odyssey-blocking buffer for 1--2 h at room temperature or 4 °C overnight, washed in tris-buffered saline (TBS)-T and probed with secondary antibody in Odyssey blocking buffer for 1 h at room temperature. Primary antibodies included rabbit polyclonal anti-PDH-E1*α* (1 : 250), anti-phospho-PDH-E1*α* (pSer293; 1 : 1000) and the loading control mouse monoclonal anti-*β*-actin (1 : 5000) (Life Technologies). Secondary antibody included goat anti-rabbit Alexa Fluor 680 and goat anti-mouse Alexa Fluor 488 antibodies (1 : 5000). The membrane was washed in TBS-T before visualisation via the Odyssey Infrared Imaging System (LI-CORE Biosciences).

Mitochondrial superoxide level and mitochondrial membrane potential (Δ*ψ*~m~) analysis
--------------------------------------------------------------------------------------

Mitochondrial superoxide levels were measured by staining MM cells cultured for 60 h without or with DCA with MitoSOX (5 *μ*ℳ, Life Technologies), which is a mitochondrial targeted probe that fluoresces upon binding to free superoxide. As a positive control for mitochondrial superoxide levels, Antimycin A (50 *μ*ℳ; Sigma-Aldrich) was added to myeloma cells, for 30 min at 37 °C, causing a maximal increase in superoxide formation. Changes in Δ*ψ*~m~ were measured after staining the cells with the cationic dye tetramethylrhodamine, ethyl ester (TMRE; 150 nℳ, Life Technologies) that accumulates in the negatively charged inner-membrane of the mitochondria. As a positive control for loss of Δ*ψ*~m~, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; 5 *μ*ℳ; Sigma-Aldrich) was added to myeloma cells for 5 min at 37 °C, which caused immediate depolarisation of the mitochondrial membrane in live cells. To exclude MitoSOX or TMRE signals derived from dead cells arising during cultures, MitoSOX or TMRE signal were analysed in live cells gated on forward side (FCS) and side scatter (SSC) characteristics (FlowJo software, Ashland, OR, USA).

Annexin V, proliferation and cell cycle assay
---------------------------------------------

To measure apoptosis and proliferation of myeloma cell lines and PBMC, the cells were cultured for 60 h as described above for measuring the Warburg effect. For apoptosis assay, cells were stained with annexin V (BD Biosciences) and 7-aminoactinomycin D (7-AAD; Sigma-Aldrich) and analysed by flow cytometry to determine the proportions of viable (annexin V^−^ and 7-AAD^−^), apoptotic (annexin V^+^ and 7-AAD^+/−^) and necrotic (annexin V^−^ and 7-AAD^+^) cells. Proliferation was measured, after the addition of 37 bBq \[^3^H\]thymidine for the last 16 h of culture and expressed as the mean of quadruplicate counts per minute. For cell cycle assay, MM cell lines were incubated without or with 25 mℳ DCA for 24 h at 37 °C and washed once with PBS. Ice cold 70% ethanol was then added to the cell pellets and incubated at 4 °C for 1 h. The cells were then pelleted, washed with PBS, followed by addition of 50 *μ*ℳ of RNase (100 *μ*g ml^−1^; Sigma-Aldrich) and incubated at 37 °C for 15 min. Following this, 200 *μ*l of 7-AAD (25 *μ*g ml^−1^) was added to the cell pellet for 5 min at 37 °C before analysis by flow cytometry.

Myeloma-bearing mice
--------------------

Myeloma-beraing mice were produced in-house according published protocol ([@bib9]). All experimental work involving animals was approved by the University of Queensland Animal Ethics Committees. Myeloma-bearing mice were divided into four cohorts: (1) control mice received daily intraperitoneal (i.p.) injections of PBS; (2) DCA-treated mice received daily i.p. injections of DCA (200 mg kg^−1^) and had free access to DCA-containing water (0.7 g l^−1^); (3) bortezomib-treated mice received twice weekly i.p. injections of bortezomib (0.5 mg kg^−1^); (4) DCA+bortezomib-treated mice received both DCA and bortezomib at the doses described for cohort (2) and (3). The treatment regime began at 10 days after MM cell transplantation in mice with established myeloma as confirmed by serum lambda chain concentration (ELISA quantification kit, Bethyl Laboratories, Montgomery, TX, USA). Response to treatment was assessed by serum lambda chain concentration and survival of myeloma-bearing mice. Disease symptoms, which required that the myeloma-bearing mice be killed, included hunched posture, ruffled coat, weight loss, lethargy and hindlimb paralysis.

Statistical analysis
--------------------

Statistical analysis was performed using GraphPad PRISM (Graphpad Software, San Diego, CA, USA). Data are presented as the mean±s.e.m. Statistical significance was calculated using a student\'s *t-*test, with a probability level of *P*\<0.05 considered to be statistically significant. Statistical differences in the effect of DCA treatment at various concentrations was calculated using a one-way ANOVA with a *post hoc* Dunnett\'s test comparing the means to the untreated control. Log-rank Mantel--Cox test was used to compare survival curves of treated and control myeloma-bearing mice. Kruskal--Wallis test was used to compare differences between DCA, bortezomib and DCA+ bortezomib treatment, shown in Figure 5C, applying Bonferroni\'s adjustment for multiple comparisons in *post hoc* testing using Dunn\'s test.

Results
=======

Metabolic characterisation of MM cell lines
-------------------------------------------

The metabolic features of six MM cell lines were compared during their growth under normoxic conditions within 60 h of culture. We also assessed the metabolic features of unstimulated-PBMC and PMA-stimulated PBMC that involve proliferating T cells (PMA-PBMC) within 60 h of culture. A difference in glucose utilisation and lactate production was observed between MM cell lines reflecting the heterogeneity in myeloma cell metabolism ([Figure 1A](#fig1){ref-type="fig"}). RPMI8226 (\*\**P*\<0.01), RPMI8226-TGL (\**P*\<0.05) and JJN-3 (\*\*\**P*\<0.001) MM cell lines significantly increased the concentration of lactate in the cell culture medium compared with initial lactate concentration by producing ∼5.45, 3.55 and 4.98 mℳ of lactate, respectively. RPMI8226 and JJN3 MM cell lines significantly (\*\**P*\<0.01) reduced the concentration of glucose in the cell culture medium compared with initial glucose concentration, consuming ∼2.55 and 1.85 mℳ of glucose, respectively. RPMI8226-TGL myeloma cells slightly reduced the concentration of glucose in the medium, whereas U226, NCI-H929 and LP-1 myeloma cells did not alter the levels of lactate and glucose in the medium ([Figure 1A](#fig1){ref-type="fig"}). Similarly, glucose and lactate levels remained unchanged in unstimulated-PBMC, whereas PMA-PBMC showed a significant increase in lactate production without decrease in glucose concentration. Lactate production by PMA-PBMC was significantly (\**P*\<0.05) lower than that by RPMI8226, RPMI8226-TGL and JJN-3 MM cell lines by, on average, 1.86-fold ([Figure 1A](#fig1){ref-type="fig"}), suggesting amplified aerobic glycolysis is in MM cell lines compared with healthy cells.

Our data suggest that ∼50% of examined MM cell lines (3 out of 6 MM cell lines) use glycolysis as a bioenergetic pathway. We selected RPMI8226-TGL and JJN-3 myeloma cell lines displaying aerobic glycolysis as a representative Warburg MM cell line and U266, which displays no glucose to lactate conversion, as a representative non-Warburg MM cell line for subsequent experiments.

In cancers displaying the Warburg effect, aerobic glycolysis is typically associated with reduced oxygen consumption due to impaired oxidative phosphorylation capacity in mitochondria ([@bib10]; [@bib35]). Therefore, we examined whether representative Warburg and non-Warburg MM cell lines displayed differences in oxidative capacity and aerobic/anaerobic flux using extracellular flux analysis ([Figure 1B and C](#fig1){ref-type="fig"}). Interestingly, all MM cell lines irrespective of aerobic glycolysis showed a low maximal respiratory capacity after stimulation with FCCP, on average 3.12-fold lower than non-myeloma Hela and HepG2 tumour cell lines, and 24.3-fold lower than non-tumour cell lines ([Figure 1B](#fig1){ref-type="fig"}). Representative Warburg-MM cell lines (RPMI8226-TGL, JJN3) had the lowest aerobic/anaerobic ratio of all the cell lines examined ([Figure 1C](#fig1){ref-type="fig"}).

Dichloroacetate inhibited glycolysis, enhanced respiration and activated the PDH complex in MM cell lines
---------------------------------------------------------------------------------------------------------

As DCA inhibits aerobic glycolysis in lung cancer cell lines ([@bib4]; [@bib28]; [@bib6]), stimulating a shift towards oxidative phosphorylation, we tested the effectiveness of DCA to induce these changes in MM cell lines. Dichloroacetate treatment (5 mℳ) to RPMI8226-TGL MM cells resulted in a significantly lower (\**P*\<0.05) concentration of lactate (3.23±0.41 mℳ) in the conditioned media compared with the untreated control (5.1±0.76 mℳ). Similarly, DCA treatment (10 mℳ) to JJN-3 MM cells saw a significantly lower (\*\**P*\<0.01) concentration of lactate (3.53±0.78 mℳ) compared with the untreated control (6.53±0.27 mℳ). For both RPMI8226-TGL and JJN-3 MM cell lines, lactate levels in the conditioned media continued to be lower with increasing concentration of DCA treatment ([Figure 2A](#fig2){ref-type="fig"}).

Dichloroacetate (15 mℳ) treatment of RPMI8226-TGL MM cells resulted in significantly higher (\**P*\<0.05) glucose concentration (9.23±0.23 mℳ) in the conditioned media compared with the untreated control (7.97±0.5 mℳ). In JJN-3 MM cells, DCA treatment (10 mℳ) also resulted in significantly higher (\**P*\<0.05) glucose levels (8.47±0.36 mℳ) in conditioned media compared with the untreated control (7.3±0.19 mℳ). In contrast, lactate and glucose levels in the conditioned media of the non-Warburg MM cell line, U226, was not affected by DCA treatment ([Figure 2A, B](#fig2){ref-type="fig"}).

Dichloroacetate at concentration of \>5 mℳ had no effect on lactate levels in unstimulated-PBMC conditioned media, but the glucose concentration (9.45±0.05 mℳ) was significantly lower (\*\**P*\<0.01) compared with the untreated control (10.15±0.05 mℳ) ([Figure 2B](#fig2){ref-type="fig"}). Dichloroacetate treatment (\>15 mℳ) of PMA-stimulated PBMCs resulted in significantly lower (\**P*\<0.05) lactate levels (2.05±0.15 mℳ) in the conditioned media compared with the untreated control (2.9±0.2 mℳ), with no change observed in glucose ([Figure 2A and B](#fig2){ref-type="fig"}).

Concurrent with changes in lactate production and glucose concentration, DCA treatment significantly increased (\**P*\<0.05) the oxygen consumption rate of representative Warburg-MM cell lines (RPMI8226-TGL, JJN3) and had no effect on a representative non-Warburg MM cell line U226 ([Figure 2C](#fig2){ref-type="fig"}).

The inhibition of aerobic glycolysis by DCA occurs via the inhibition of PDK ([@bib4]; [@bib21]; [@bib17]), a kinase that phosphorylates and inhibits PDH within the mitochondria. We assessed whether the decreased production of lactate and increased respiratory rate induced by DCA treatment in MM cells involved activation of the PDH complex as measured by the dephosphorylation of PDH-E1*α* ([Figure 2D](#fig2){ref-type="fig"}). Activation of the PDH complex should take place shortly after DCA gains access to the cells, therefore, the time points used for these analyses were 24 h ([Figure 2D](#fig2){ref-type="fig"}). Immunoblotting for PDH-E1*α* (pSer^293^) showed that DCA treatment reduced PDH-E1*α* (pSer^293^) phosphorylation in RPMI8226-TGL, JJN3 and U226 MM cell lines ([Figure 2D](#fig2){ref-type="fig"}). This DCA treatment did not affect expression levels of PDH-E1*α* and the housekeeping protein *β*-actin in RPMI8226-TGL, JJN3 and U226 MM cell lines ([Figure 2D](#fig2){ref-type="fig"}). Together, these data demonstrate that DCA causes the dephosphorylation of PDH-E1*α* consistent with the reported mechanism of DCA action ([@bib4]; [@bib21]; [@bib17]) but this is not correlated with aerobic glycolysis in MM cell lines.

Dichloroacetate increased superoxide production without a reduction in the Δ*ψ*~m~ in MM cell lines
---------------------------------------------------------------------------------------------------

Dichloroacetate treatment leads to increased ROS formation including superoxide production in various cancers, which is attributed to greater oxidative phosphorylation activity and/or potentially due to greater substrate entry into the mitochondria ([@bib4]; [@bib21]; [@bib20]; [@bib28]). On the basis of the observed DCA-mediated increase in respiratory capacity in MM cells and oxygen consumption ([Figure 2C](#fig2){ref-type="fig"}), we asked whether DCA treatment in MM cells leads to increased mitochondrial superoxide production. Antimycin A stimulation increased mitochondrial superoxide production in RPMI8226-TGL, JJN-3 and U226 cells compared with untreated cells ([Figure 3A](#fig3){ref-type="fig"}). Dichloroacetate at concentration of 10 mℳ increased superoxide production in JJN-3 cells, while a higher DCA concentration of 25 mℳ was required to increase superoxide production in RPMI8226-TGL cells ([Figure 3A](#fig3){ref-type="fig"}). Dichloroacetate doses of 10 or 25 mℳ failed to induce convincing changes in superoxide production in U266 cells ([Figure 3A](#fig3){ref-type="fig"}). These data suggest that DCA increases superoxide production exclusively in Warburg-MM cell lines.

Dichloroacetate treatment in cancer cells, along with the stimulation of superoxide production, induces the reduction of Δ*ψ*~m~, which initiates apoptosis and cancer cell death ([@bib21]; [@bib32]). As shown in [Figure 3B](#fig3){ref-type="fig"}, FCCP caused mitochondrial depolarisation in all MM cells compared with untreated cells. However, DCA treatment failed to reduce Δ*ψ*~m~ in any tested MM cell lines, moreover, DCA at doses of 10 and 25 mℳ tended to increase the Δ*ψ*~m~ in RPMI8226-TGL cells ([Figure 3B](#fig3){ref-type="fig"}). Our results suggest that there is no association with DCA-mediated increases in superoxide production and the reduction of Δ*ψ*~m~ in MM cell lines.

Dichloroacetate induced apoptosis and inhibited the proliferation of MM cell lines
----------------------------------------------------------------------------------

As DCA-mediated increases in superoxide production can lead to apoptosis ([@bib7]; [@bib21]), we analysed whether DCA treatment induced apoptosis in MM cells, reflected by reduced numbers of viable (non-apoptotic/non-necrotic) cells. We also assessed whether DCA is able to induce apoptosis of unstimulated-PBMC and PMA-PBMC. The proportions of viable RPMI8226-TGL, JJN-3 and U226 cells significantly decreased (\**P*\<0.05), albeit to varying degrees, as DCA concentrations increased ([Figure 4A](#fig4){ref-type="fig"}). Dichloroacetate at concentration of \>5 mℳ reduced the proportion of viable JJN-3 cells, relative to untreated cells, while concentrations \>15 mℳ were required for the same effect in RPMI8226-TGL and U226 cells ([Figure 4A](#fig4){ref-type="fig"}). Dichloroacetate at doses of 5--15 mℳ did not alter the proportion of viable unstimulated-PBMC and PMA-PBMC. Higher concentration of DCA (\>25 mℳ significantly reduced (\**P*\<0.05) the proportion of viable unstimulated-PBMC and marginally affected the proportion of viable PMA-PBMC relative to untreated cells ([Figure 4A](#fig4){ref-type="fig"}). These data suggest that a window for selective DCA-mediated apoptosis in MM cells exists.

In addition to the induction of apoptosis reflected by a reduction in cell viability, a major action associated with DCA treatment is the inhibition of proliferation in various cancer cells ([@bib4]; [@bib7]; [@bib34]; [@bib32]). Therefore, we investigated the effect of DCA on the proliferation of MM cell lines. Dichloroacetate treatment significantly inhibited (\**P*\<0.05) cell proliferation in a dose-dependent manner in RPMI8226-TGL, JJN3 and U226 cells, albeit to various degrees ([Figure 4B](#fig4){ref-type="fig"}). The IC~50~ of DCA-induced inhibition of cell proliferation in RPMI8226-TGL, JJN3 and U226 cells were ∼20.48, 11.78 and 15.92 mℳ, respectively ([Figure 4B](#fig4){ref-type="fig"}). We also chose to measure the effect of DCA on MM cell cycle after a 24-h of incubation, in time frames of reduced effect of DCA on cell, rather than 60 h, a typical time points used for analysis of DCA effect on proliferation and cell viability ([Figure 4A and B](#fig4){ref-type="fig"}). The presence of DCA caused a significant (\**P*\<0.05) G~0/1~ phase arrest in RPMI8226-TGL and U266 cells, and a G~2~M phase arrest in JJN-3 cells ([Figure 4C](#fig4){ref-type="fig"}).

Dichloroacetate increased the sensitivity of MM cell lines to the chemotherapeutic drug bortezomib
--------------------------------------------------------------------------------------------------

Our *in vitro* data suggest that DCA inhibited aerobic glycolysis, increased superoxide production ([Figure 3A](#fig3){ref-type="fig"}), induced apoptosis and suppressed cell proliferation ([Figure 4A and B](#fig4){ref-type="fig"}), which can all lead to myeloma suppression. On the basis of these *in vitro* data, we decided to assess whether DCA can prolong survival and suppress myeloma growth in myeloma-bearing mice developed by transplantation of the Warburg-MM cell lines, lambda-secreting RPMI8226-TGL MM cell line, into immune-compromised NOD/SCID mice ([@bib9]). We also assessed whether DCA can be used to complement bortezomib, a clinically used anti-myeloma therapy. Each treatment, DCA (i.p. 200 mg kg^−1^ per day in addition to oral DCA in drinking water) or bortezomib (i.p. 0.5 mg kg^−1^ twice weekly) administered alone did not improve survival of myeloma-bearing mice compared with control mice (overall survival: DCA-treated mice 22 days, bortezomib-treated mice 23.5 days, control mice 22 days; [Figure 5A](#fig5){ref-type="fig"}). However, DCA administered in combination with bortezomib significantly prolonged (\*\**P*\<0.01) the survival of myeloma-bearing mice compared with control mice (overall survival: DCA+bortezomib-treated mice 28.5 days *vs* control mice 22 days; [Figure 5A](#fig5){ref-type="fig"}). After 18 days of treatment, neither DCA alone or DCA+bortezomib treatment affected serum lambda concentration compared with that in control mice ([Figure 5B](#fig5){ref-type="fig"}). However, bortezomib administered alone significantly reduced (\**P*\<0.05) serum lambda concentration compared with that of control mice ([Figure 5B](#fig5){ref-type="fig"}).

On the basis of the prolonged survival of myeloma-bearing mice that received DCA+bortezomib treatment, we asked whether DCA combined with bortezomib facilitated apoptosis and thus reduced the viability of MM cell lines. Even low DCA concentrations of 10 mℳ combined with bortezomib (10 nℳ) significantly decreased (\*\*\**P*\<0.001) the proportion of viable RPMI8226-TGL MM cells compared with that induced by DCA or bortezomib alone ([Figure 5C](#fig5){ref-type="fig"}). There was also a significant decrease in the proportion of viable JJN-3 (\*\**P*\<0.01) and U226 (\**P*\<0.05) cells by combined DCA and bortezomib treatment (DCA 10 mℳ, Bortezomib 5 nℳ), compared with untreated cells ([Figure 5C](#fig5){ref-type="fig"}).

Discussion
==========

This study revealed three key findings: (i) metabolic remodelling typical of the Warburg effect with increased lactate production and decreased oxidative capacity occurs in approximately half of the examined MM cell lines, (ii) DCA shifts metabolism in MM cell lines away from lactate and toward oxidative phosphorylation and this shift is associated with increased superoxide production, apoptosis and suppression of cell proliferation and (iii) DCA increased MM cell line sensitivity to the bortezomib and when administered with bortezomib improved the survival of myeloma-bearing mice.

Given that MM cells preferentially grow in the hypoxic bone marrow environment and that the Warburg effect confers greater advantage under hypoxic conditions, we expected that a Warburg effect may not be active in MM cell lines growing under normoxic conditions. It was rather surprising that under normoxic conditions as many as 50% of MM cell lines can be defined as Warburg MM cell lines, based on lactate and glucose levels in cell culture conditioned medium, and reduced oxidative capacity. Elevated lactate in the media, above the initial concentration, indicates lactate production as a result of glycolytic activity. Similarly, a reduction in glucose in the media suggests the activity of glucose-consuming pathways, including glycolysis. In comparison with healthy PMA-PBMC, which show an appreciable Warburg effect, lactate production was by, on average, 1.86-fold higher in Warburg MM cell lines. The apparent absence of lactate production and glucose consumption by non-Warburg MM cell lines suggests that either the Warburg effect is not active under normoxic conditions or that non-glucose bioenergetic pathways involving oxidative phosphorylation are functional in these MM cell lines. These results are in line with a previous study, which described that isolated peripheral blood plasma cells from a myeloma patient use both glycolysis and oxidative phosphorylation for energy production ([@bib27]; [@bib37]).

Metabolic heterogeneity observed in MM cell lines is similar to that reported in leukaemic cell lines, which use glycolysis but also non-glucose bioenergetic pathways such as fatty acid oxidation and/or amino-acid metabolism ([@bib29]; [@bib33]). Our demonstration that 50% of MM cells display the Warburg effect raises the possibility that the Warburg effect could contribute to MM progression in a large number of patients and identifies drugs that aim to reverse the Warburg effect as potential therapies to combat myeloma disease.

We demonstrated that MM cell lines exhibited extremely low-respiratory capacity compared with other tumour and non-tumour cells lines, raising the possibility of silenced oxidative phosphorylation in myeloma cells. It has been proposed that silenced oxidative phosphorylation and the upregulation of glycolysis may confer a survival advantage by preventing the chronic accumulation of superoxide ([@bib15]; [@bib12]; [@bib36]). Alternatively, silenced oxidative phosphorylation may confer a growth advantage by shifting carbon units to biosynthetic pathways rather than ATP generation, which is maintained by glycolysis.

We demonstrated that DCA treatment reduced lactate production in Warburg MM cell lines, suggesting that DCA may have an active role in reversing the Warburg effect in MM cells. A reduction in lactate in cell culture medium was achieved with the lowest tested DCA concentration of 5 mℳ, which did not induce apoptosis or suppress proliferation in myeloma cells. During our analysis of lactate production, we uncovered evidence that DCA profoundly reduced glucose concentration in the media of Warburg MM cell lines. It is not clear how DCA regulates glucose consumption by myeloma cells. However, other studies suggest that reducing glucose consumption, by decreasing MM glucose transporter expression in myeloma cells, by the anti-myeloma agent 8-aminoadenosine, can initiate apoptosis ([@bib11]; [@bib26]; [@bib3]). Further research will be required to determine whether DCA regulates glucose transporters in myeloma cells exhibiting the Warburg effect.

The role of DCA in increasing oxygen consumption is thought to be through the inhibition of PDK and activation of the PDH complex ([@bib21]; [@bib13]). This is well appreciated in lung and colorectal cancer cells ([@bib4]; [@bib5]; [@bib16]; [@bib23]). In this study, we provided evidence that DCA activated the PDH complex evidenced by dephosphorylation of the PDH-E1*α*-pSer293 in both Warburg MM cells (e.g., RPMI8226-TGL, JJN-3) and in non-Warburg MM cells (e.g., U226). Also, DCA-mediated activation of the PDH complex seen in Warburg MM cell lines is associated with increased oxygen consumption. Interestingly, dephosphorylation of the PDH-E1*α*-pSer^293^ subunit in U266 myeloma cell line occurred without the increase in oxygen consumption ([Figure 2D](#fig2){ref-type="fig"}). This suggests that dephosphorylation of PDH-E1*α*-pSer292 may be a poor predictor for oxygen consumption and gives rise to the possibility that changes in the phosphorylation of other sites on the PDH complex may better predict changes in oxygen consumption between different myeloma cell lines. However, currently antibodies for the two other phosphorylation sites on PDH-E1*α* (that is, Ser232 and Ser300) were not commercially available limiting further progress in this research area.

We demonstrated that the DCA-mediated increase in respiration capacity was associated with increased ROS production ([Figure 3](#fig3){ref-type="fig"}). Other studies suggest that DCA-induced ROS formation in turn activates apoptosis and affects proliferation of cancer cells ([@bib21]). Our results presented here generally agree with previous reports regarding the importance of DCA in inducing ROS, and now provide clear evidence that only DCA concentrations that induce ROS formation have apoptotic and anti-proliferative effect on myeloma cells. Lower DCA concentrations that suppressed lactate production, increased oxidative capacity and activated PDH complex were not able to induce a robust apoptotic response or suppress proliferation of MM cell lines. It seems that DCA-driven metabolic changes in MM cell lines exhibiting the Warburg effect may not cause apoptosis unless they occurring in the context of robust ROS formation. It appeared that the rate of ROS formation, combined with reduced lactate, make JJN-3 MM cells more sensitive and RPMI8226-TGL and U226 MM cells less sensitive to the pro-apoptotic and anti-proliferative effect of DCA. In addition, the presence of DCA arrested JJN-3 cells at a different part of the cell cycle (G~2~M phase) compared with the other myeloma cell line (G~0/1~ phase). Previous studies suggest similar effect of DCA on colorectal cancer cell lines ([@bib7]; [@bib34]; [@bib17]).

As with several other studies, we demonstrate that relatively high concentrations of DCA (approximately \>5--10 mℳ) are required to alter metabolic activity, increase ROS formation, induce apoptosis and inhibit myeloma cell proliferation *in vitro*. These effects are believed to be a result of PDK inhibition by DCA ([@bib21]). However, the concentrations of DCA required to induce the desired anti-cancer effect (metabolic or on cell viability) are several times greater than the inhibition constant (*K*~i~) of PDK1--4. For example, the *K*~i~ of PDK1, 2 and 4 range between 0.2--1.0 mℳ, while the *K*~i~ of PDK3 is ∼8 mℳ ([@bib1]). It is unlikely that DCA is targeting PDK3 in MM owing to its limited expression in the testis, kidney and brain ([@bib30]). In contrast, the more DCA-sensitive PDK2 is ubiquitously expressed throughout the body and may be target in MM. This suggests that in MM, the anti-cancer effects observed in the presence of DCA cannot be solely attributed to PDK inhibition. In addition to the direct effects of DCA on PDK inhibition, many changes in gene and protein expression could occurred in these time frames as the cells adapt to the presence of DCA over time.

A previous study demonstrated that DCA treatment induces a number of proteomic changes in several cancer cell lines and tumours related to cellular metabolism, proliferation and mitochondrial dysfunction ([@bib28]). Elevated ROS levels within MM cell lines after DCA treatment may also be due to these genomic or proteomic changes related to cellular metabolism rather than due to solely PDK inhibition. Other studies suggested that cells undergoing 'metabolic crisis\', due to a defect in electron transport chain complex IV, were more sensitive to DCA treatment as alternate metabolic pathways were unavailable after glycolytic inhibition by DCA ([@bib28]). This also may explain the difference in sensitivity to DCA observed between two Warburg-like MM cell lines RPMI8226-TGL and JJN-3.

It has often been reported that increased ROS formation by DCA treatment can also profoundly impact mitochondrial membrane integrity causing a reduction in the Δ*ψ*~m~ and subsequent initiation of apoptosis in several cancers ([@bib4]; [@bib21], [@bib20]; [@bib28]; [@bib38]). Therefore, we also investigated whether DCA treatment can induce a reduction in Δ*ψ*~m~ in myeloma cells, using the cationic fluorescence indicator TMRE and flow cytometry. The cationic fluorescence indicator TMRE fluoresces upon accumulation within polarised mitochondrial membranes, and decreases in TMRE fluorescence intensity indicate a reduction in the Δ*ψ*~m~ ([@bib25]; [@bib24]). It has been often overlooked that presence of dead (late apoptotic and necrotic) cells with ruptured mitochondrial membranes contribute to a decrease in TMRE fluorescence intensity ([@bib4]; [@bib34]; [@bib17]; [@bib28]). To avoid data misinterpretation, we measured the TMRE signal in gated live cells (based on FSC and SSC characteristics). Using this approach, we did not detect any reduction in the Δ*ψ*~m~ in viable myeloma cells following DCA treatment. As expected, a clear reduction in the TMRE signal was observed in gated dead cells defined as the FSC^low^ events (data not shown). Moreover, we discovered that DCA at doses of 10 and 25 mℳ increased the Δ*ψ*~m~ in RPMI8226-TGL cells. Indeed, it is well characterised that mitochondrial ROS production is increased concomitantly with an increase in the Δ*ψ*~m~. This occurs when respiration is low, the ubiquinone (CoQ) pool is highly reduced and the NADH/NAD^+^ ratio is high ([@bib22]). By regulating flux through PDH activation, DCA treatment would increase NADH and reduction of the CoQ pool. This coupled with only marginal increases in respiration would result in increased electron leak in the form of ROS.

Given that lactate is linked to resistance to chemotherapy treatment as it causes tumour acidifications ([@bib10]; [@bib18]), we asked whether inhibition of lactate production by DCA in Warburg MM cells enhance the effect of chemotherapy regiment with bortezomib. We show that DCA in combination with bortezomib improved the overall survival of myeloma-bearing mice transplanted with the Warburg MM cell line RPMI8226-TGL ([@bib9]) compared with control untreated mice. Also low doses of DCA in combination with bortezomib increased apoptosis and reduced viability of MM cell lines RPMI8226-TGL, JJN-3 and U266. These data are in line with previous reports suggesting that DCA acts synergistically with 5-fluourouracil in colorectal cancer cells ([@bib33]), cisplatin in cervical cancer cells ([@bib36]), decitabine in breast and prostate cancer cells ([@bib3]), sulindac in lung and squamous cell carcinoma ([@bib2]), omeprazole in fibrosarcoma and colon cancer ([@bib14]) and arsenic trioxide in breast cancer ([@bib31]). In particular, the combination of DCA and omeprazole, a proton pump inhibitor, was the only significantly effective treatment reducing tumour volume in a HT108 fibrosarcoma-bearing mouse model compared with either DCA or omeprazole alone.

Our previous study establishes serum lambda chain levels as an effective measure of myeloma progression in myeloma-bearing mice ([@bib9]). Eighteen days of DCA treatment, alone or in combination with bortezomib, in contrast to bortezomib treatment alone, was not effective in reducing lambda chain levels and therefore the tumour burden in myeloma-bearing mice ([Figure 5A](#fig5){ref-type="fig"}). The possible changes in serum lambda chain levels during longer DCA treatment (alone or in combination with bortezomib) and their correlation with survival remain to be addressed.

Our study is the first report on the effect of DCA on myeloma using a range of myeloma cell lines and a clinically relevant myeloma-bearing mouse model ([@bib9]). As myeloma remains an incurable disease, and new therapeutic options are desperately needed, it is a worthwhile endeavour to examine the potential efficacy of DCA combined with other active agents that induce profound apoptosis in malignant plasma cells (e.g., bortezomib). Our key finding, the combination of DCA with bortezomib significantly extends the survival of myeloma-bearing mice over bortezomib alone, provides preclinical support for the use of this drug combination against myeloma. Although the doses of DCA used *in vivo* are high, DCA is well tolerated in humans ([@bib21]). This offers hope for a large group of myeloma patients for which treatment options may be limited.
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![**Metabolic features of MM cell lines.** (**A**) Normalised glucose and lactate concentration by MM cell lines (RPMI8226, RPMI8226-TGL, JJN3, U226, NCI-H929, LP-1), unstimulated-PBMC and PMA-stimulated PBMC (PMA-PBMC) within 60 h of culture under normoxic culture conditions. Data shown are the mean concentration from 3--4 independent experiments (±s.e.m.; \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001). (**B**) Maximal respiratory capacity (oxygen consumption rate following treatment with FCCP) and (**C**) aerobic/anaerobic ratio (oxygen consumption rate (OCR)/extracellular acidification rate (ECAR)) of MM cell lines (RPMI8226-TGL, JJN3 and U226), non-myeloma cell lines (Hela, HepG2) and non-tumour cell lines (3T3-L1 fibroblasts, 3T3 adipocytes, primary cardiac myocytes, C2C12 myotubes). Data shown are representative of 2--3 independent experiments (mean±s.e.m.).](bjc2013120f1){#fig1}

![**Effect of DCA on glycolysis, oxygen consumption and PDH complex in MM cell lines.** (**A**, **B**) Lactate and glucose concentration in the conditioned media from MM cell lines (RPMI8226-TGL, JJN3, U226), unstimulated-PBMC and PMA-PBMC in the absence or presence of DCA (1.25--25 mℳ) within 60 h of culture under normoxic culture conditions. (**C**) Oxygen consumption rate of MM cell lines (RPMI8226-TGL, JJN-3 and U266) in the absence or presence of 5 mℳ DCA. Data shown are representative of 3--8 independent experiments (mean±s.e.m., \**P*\<0.05). (**D**) Western blot analysis of PDH-E1*α*-p293, PDH-E1*α* and *β*-actin from RPMI8226-TGL, JJN-3 and U266 MM cell lines cultured without or with DCA (5, 10 and 25 mℳ) for 24 h. Data shown are representative of three independent experiments.](bjc2013120f2){#fig2}

![**Dichloroacetate treatment increases superoxide formation without reduction in the Δ*ψ*~m~ in MM cell lines.** Myeloma cells (5 × 10^4^ cells per ml) were cultured without or with DCA (5, 10, 25 mℳ) for 60 h. (**A**) To measure superoxide formation, fresh MM cell lines treated with Antimycin A (50 *μ*ℳ) or MM cell lines cultured without or with DCA were stained with MitoSOX (5 *μ*ℳ) and analysed by flow cytometry. (**B**) To measure changes in the Δ*ψ*~m,~ fresh MM cell lines treated with FCCP (5 *μ*ℳ) or MM cell lines cultured without or with DCA were stained with TMRE (150 nℳ) and analysed by flow cytometry. Representative histograms of MitoSOX and mitochondrial TMRE fluorescence from one of three independent experiments are shown.](bjc2013120f3){#fig3}

![**Dichloroacetate induces apoptosis and inhibits proliferation in MM cell lines.** Myeloma cell lines (5 × 10^4^ cells per ml), unstimulated-PBMC and PMA-PBMC (5 × 10^5^ cells per ml) harvested after 60 h of culture without or with DCA (1.25--25 mℳ) and analysed for apoptosis and cell proliferation. (**A**) Apoptotic cells were assessed by AnnexinV and 7AAD staining and defined as AnnexinV^+^7AAD^+/−^ events, whereas viable cells defined as AnnexinV^−^7AAD^−^ events. Data show the proportion of viable AnnexinV^−^7AAD^−^ cells (mean±s.e.m., \**P*\<0.05) and representative of three independent experiments. (**B**) Proliferation of MM cell lines was analysed by measuring the uptake of \[H^3^\]thymidine during the final 16 h of culture. Data shown are representative of three experiments (mean±s.e.m., \**P*\<0.05). (**C**) Multiple myeloma cell lines (5 × 10^5^ cells per ml) cultured without or with DCA (25 mℳ) harvested after 24 h and analysed for cell cycle by flow cytomery. Data show the proportion of cells in G~0/1~, S and G~2~M phase of cell cycle and representative of three independent experiments (mean±s.e.m., \**P*\<0.05).](bjc2013120f4){#fig4}

![**Testing efficiency of DCA treatment in myeloma-bearing mice.** (**A**) Kaplan--Meier plots showing survival of four different cohorts of myeloma-bearing mice treated simultaneously with vehicle (*n*=5), DCA (daily i.p. 200 mg kg^−1^, orally in drinking water 0.7 g l^−1^; *n*=7), bortezomib (twice weekly i.p. 0.5 mg kg^−1^; *n*=6) or DCA+bortezomib (*n*=6), over a period of 35 days after commencing of treatment (DCA+bortezomib treated mice *vs* control group, \*\**P*\<0.01). (**B**) Serum lambda concentration in control, DCA, bortezomib and DCA+bortezomib treated mice at −3 days and +18 days of treatment commencement (mean±s.e.m., 5--7 mice per group; \**P*\<0.05). (**C**) Myeloma (5 × 10^4^ cells per ml) cell lines cultured without or with DCA (10 mℳ), bortezomib (RPMI8226-TGL: 5 nℳ, JJN-3 and U266: 10 nm) and DCA+bortezomib harvested after 60 h of culture and analysed for apoptosis. Apoptotic cells were assessed by AnnexinV and 7AAD staining and defined as AnnexinV^+^7AAD^+/−^ events, whereas viable cells defined as AnnexinV^−^7AAD^−^ events. Data show the proportion of viable AnnexinV^−^7AAD^−^ cells (mean±s.e.m., \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001) and representative of three--four independent experiments.](bjc2013120f5){#fig5}
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